Organic chelators that are thought to be of recent biological origin control copper speciation in seawater. Previous studies have often resolved these copper binding ligands into two classes, class 1 ligands (conditional stability constants 10 12 -10 14 M Ϫ1 ) and class 2 ligands (conditional stability constants 10 9 -10 12 M Ϫ1 ). At present the sources and structures of these chelators are unknown. Previous work has shown that in response to copper toxicity, cultures of the marine cyanobacteria Synechococcus spp. produce a strong ligand, similar in binding strength to class 1 ligands. We extended this work by surveying a suite of copper-stressed marine eucaryotic phytoplankton for the production of copper binding ligands. Most eucaryotic species we studied did not produce ligands with the binding strength of class 1 ligands, but many produced class 2 ligands. A marine dinoflagellate Amphidinium carterae was found to produce very strong ligands; however, the low abundance of dinoflagellates in the open ocean may mean that this source of class 1 ligands is more important in coastal waters. This survey shows that there are many biological sources of copper binding ligands, but that procaryotes such as cyanobacteria are more plausible sources of class 1 ligands in the open ocean than eucaryotes.
There is now considerable evidence to suggest that the distribution and speciation of trace metals in the upper water column play an important role in the species composition and physiology of phytoplankton assemblages (Sunda 1994) . The chemical speciation of trace metals is important because only certain forms of a given metal are biologically available. In the upper water column, speciation of many biologically active trace metals is controlled by complexation with strong organic ligands (Bruland et al. 1991 and references therein) . Complexation of the metal by an organic ligand generally lowers biological availability because the free metal ions are the most biologically available forms (Sunda 1994; Campbell 1995) . In addition, complexation may play an important role in the geochemical cycling of these elements in the upper ocean. For many elements, concentrations of these ligands are highest in the euphotic zone and decline to non-detectable levels in the deep waters (Bruland et al. 1991; Rue and Bruland 1995) . This distribution suggests that the ligands are of recent biological origin and are not refractory compounds. However, their biological function, if any, is unknown.
Complexation is particularly important for Cu, an essential micronutrient that is also toxic. Field studies in coastal and open ocean waters have determined that Cu is complexed by low concentrations of strong ligands with further metal buffering provided by higher concentrations of weaker ligands (van den Berg et al. 1987; Coale and Bruland 1990; Sunda and Huntsman 1991; . The strong ligands typically exist at concentrations (1-5 nM) slightly above the ambient copper concentration found in the seawater and have a conditional stability constants of 10 13 M Ϫ1 or higher. However the structure of the strong ligand or ligands is unknown, so it is generally referred to as ligand class 1. Similarly the weaker ligands detected in seawater are classified as ligand class 2 and in general have conditional stability constants ranging from 10 10 -10 12 M Ϫ1 . Previously we have reported that copper-stressed cultures of the marine cyanobacterium Synechococcus produce a chelator with a conditional stability constant similar to water column class 1 ligands (Moffett et al. 1990; Moffett and Brand 1996) . Synechococcus spp. is an important constituent of oceanic phytoplankton assemblages (Iturriaga and Marra 1988; Olson et al. 1990 ) and is therefore a plausible source of strong Cu chelators in seawater. Synechococcus spp. have also been shown to be extremely sensitive to Cu toxicity compared to eucaryotic phytoplankton (Brand et al. 1986 ). In seawater, Cu would significantly inhibit Synechococcus growth rates even at nanomolar concentrations, were it not for the presence of the class 1 ligands. Clearly then Synechococcus benefits from the production of class 1 ligands in copper-stressed cultures. Thus it is possible that in the natural environment Synechococcus may produce class 1 ligands to modify its environment to create conditions more favorable for growth (Moffett and Brand 1996) .
Cyanobacteria are ubiquitous in oceanic tropical and subtropical regimes. In high latitude waters and in many coastal regimes, they are either absent or are minor constituents of the phytoplankton assemblages. Nevertheless, copper is still strongly complexed in these latter regimes. In fact, there is evidence from many field studies of strong Cu complexation in coastal waters during eucaryotic phytoplankton blooms (Anderson et al. 1984; Robinson and Brown 1991) . Thus it is possible that phytoplankton species other than Synechococcus produce Cu complexing ligands. The objective of this study was to determine whether axenic cultures of a representative selection of eucaryotic phytoplankton (Table 1) could produce ligands of comparable binding strength to the ligands produced by cyanobacteria and the class 1 ligands detected in the water column. A secondary objective was to determine if ligand production was a function of copper concentration in the media, particularly at concentrations leading to physiological stress, where ligand production would be beneficial.
Cu speciation experiments were performed on culture filtrate samples that had been titrated with Cu and analyzed using competitive ligand exchange cathodic stripping voltammetry (CLE/CSV). This method has been employed for several elements, including Cu (van den Berg 1984). We used as competing ligands the ␤-diketonate, benzoylacetone (bzac) and salicylalidoxime (SA) (Campos and van den Berg 1994) . Bzac, the weaker ligand, was used for titrations of all the eucaryotic species. For the stronger ligands produced by Synechococcus and Amphidinium the stronger ligand, SA, was also used. Moffett and Brand (1996) showed that these ligands yielded consistent results in an intercomparison with Synechococcus cultures.
Filtrates of algal cultures were also analyzed using the technique of pseudopolarography to determine half-wave potentials and estimate the thermodynamic stability constants of ligands (Lewis et al. 1995; Croot et al. 1999) . Thermodynamic stability constants provide additional information about unknown ligands, often resolving different species that have similar conditional constants.
Methods
Axenic cultures of several species of marine phytoplankton were prepared from clones isolated from diverse coastal and oceanic locations and currently maintained in Larry Brand's culture collection at the University of Miami (Table  1) . Protocols for culturing the organisms are described by Brand et al. (1986) . The growth medium (Table 2 ) was prepared from oligotrophic seawater collected from NE Providence Channel, Bahamas. Other workers often add ethylene diatomic tetraacetic acid (EDTA) to growth media to chelate toxic metals. However, no EDTA was added to the growth media in these experiments because it would have interfered with detection of chelators produced by the algae. We found that by using oligotrophic seawater and acid-washed plastic containers, metal contamination could be minimized so that EDTA was not required for growth. In some experiments, 5 M of nitrilotriacetic acid (NTA)-a much weaker chelator-was used to provide a low background of Cu complexation. Cultures in the latter stages of exponential growth were spiked with 10-20 nM Cu every other day until we had a suite of samples with dissolved Cu concentrations in the media of 1-400 nM. The samples were gently vacuum filtered through 0.2 m Nuclepore filters in a precleaned Teflon filtration apparatus (Savillex) at 24-48 h after the last Cu addition. Cu titrations were performed on the filtrate to determine the concentration and conditional stability constants of Cu-complexing ligands.
Competitive ligand exchange/cathodic stripping voltammetry-CLE/CSV measurements were made with a PAR 264A polarographic analyzer with a PAR 303A static mercury drop electrode. Cu titrations were performed as follows. Each culture filtrate was divided into 20-ml aliquots in 125-ml Teflon bottles. These were spiked with different concentrations of Cu (0-200 nM) and benzoylacetone (1-5 ϫ 10 Ϫ4 M). Preliminary work showed that partitioning of Cu between the competing ligand and natural ligands reached steady state after 3 h and did not change through 24 h, so samples were analyzed within this interval. For analysis, 10 ml of solution was transferred to a quartz sample cup and installed on the electrode, which was set to hanging drop mode. Instrument settings were deposition potential Ϫ0.08 V (vs. Ag/AgCl electrode); deposition time, t d ϭ 1 min; scan range, Ϫ0.08 to Ϫ0.05 V; scan rate, 10 mV s Ϫ1 ; drop time, 0.2 s; pulse height, 25 mV. Reduction of the copper benzoylacetone complex produces a well-defined peak at Ϫ0.27 V. evaluated benzoylacetone using criteria established for other Cathodic stripping voltammetry (CSV) ligands (van den Berg 1984; Donat and van den Berg 1992) . Titrations performed with salicylaldoxime as the competing ligand utilized instrument settings and protocols described by Campos and van den Berg (1994) .
Benzoylacetone (Aldrich) was purified by recrystallization in aqueous EDTA solution (10 Ϫ3 M) followed by double recrystallization in 18 M⍀ water to remove EDTA. A solution containing 5 ϫ 10 Ϫ2 bzac in methanol was used as a stock solution. Salicylaldoxime (Aldrich) was purified by recrystallization in the same manner.
The side-reaction (␣) coefficient for Cu benzoylacetone complexes, defined as ([Cu(bzac) 
f ], was determined at each benzoylacetone concentration used in the study . Side-reaction coefficients for Cu(bzac) are proportional to [bzac] 2 over the concentration range 1-5 ϫ 10 Ϫ4 bzac, indicating that the Cu(bzac) 2 complex is the dominant electroactive species. For Cu(bzac) 2 , log ␤ 2 ϭ 10.7, which was constant over the pH range 8.0-8.3-the interval encountered in this study. Side-reaction coefficients for Cu complexes with SA were taken from Campos and van den Berg (1994) . The side-reaction coefficient for Cu complexes with SA at 2 ϫ 10 Ϫ6 M SA (7.1 ϫ 10 3 ) is similar to the side-reaction coefficient Cu(bzac) 2 at 5 ϫ 10 Ϫ4 M bzac (1.25 ϫ 10 4 ) . In some cultures, surfactants produced by the algae interfered with CSV analysis. These surfactants depressed the Cu-bzac sensitivity by competing for space on the Hg drop and also raised the background current in the vicinity of the Cu-bzac peak, making analysis of the Cu-bzac peak difficult. In general, interference was avoided by using short deposition times (1 min), except for the diatom Phaeodactylum tricornutum which produced exceptionally high quantities of surface-active material.
The total dissolved Cu concentration (Cu T ) in each sample was determined after ultraviolet (UV) oxidation of a 100-ml aliquot of seawater acidified to pH 2 with Ultrex HCl. The sample pH was adjusted to 7.7 with isothermally distilled ammonia and HEPES (N-[2-hydroxyethyl]piperazine-NЈ-[2-ethane-sulfonic acid]) buffer and Cu analyzed by CSV with 2 ϫ 10 Ϫ4 bzac.
Pseudopolarograms-Pseudopolarograms of copper in phytoplankton cultures were compiled using an analytical instruments (AIS) model DLK-100 electrochemical analyzer with a Princeton Applied Research (PAR) model 303A mercury drop electrode. Analyses were performed by square wave anodic stripping voltammetry (SWASV) with a hanging mercury drop electrode (HMDE). Several pseudopolarograms were also obtained using an EG&G PAR model 264 polarographic analyzer with a PAR model 303A mercury drop electrode. Analyses on the PAR 264 were performed by differential pulse anodic stripping voltammetry (DPASV) with a HMDE. All results in this study are reported with respect to the Ag/AgCl reference electrode.
Copper was reduced and deposited in the mercury drop for a preset deposition time at deposition potentials from Ϫ0.2 to Ϫ1.6 V (Ag/AgCl). Optimized instrumental (DLK-100) parameters for reoxidation and stripping of the copper from the mercury drop were: scan rate, 200 mV s Ϫ1 ; pulse amplitude, 25 mV; pulse frequency, 200 Hz; scan range, Ϫ1.6 to Ϫ0.05 V. The drop size used was ''small'' and the stirring rate ''fast'' (700 rpm).
Typically pseudopolarograms were obtained as follows: A 10-ml aliquot of the sample was transferred to an acidwashed Teflon or quartz polarographic cell. The solution was purged for 240 s with high-purity dry nitrogen or argon gas to eliminate dissolved oxygen. Depositions were begun at Ϫ0.25 to Ϫ0.30 V and the deposition potential increased in increments of Ϫ0.05 to Ϫ0.10 V until a final potential of Ϫ1.6 V was reached. Deposition was typically carried out for 600 seat each potential step. At the end of the deposition step, the deposited copper was stripped from the Hg amalgam by scanning from the deposition potential to a final potential of Ϫ0.05 V. Samples were analyzed at natural pH (approximately 8.0). Analytical sensitivity for SWASV-HMDE with a 10-min deposition was approximately 7.5 nA nM Ϫ1 using the DLK-100, and 0.6 nA nM Ϫ1 for the PAR 264 in DPASV-HMDE mode. A typical pseudopolarogram consisted of between 10 to 30 ''I vs. E'' data points and required over 3 h to complete.
The reduction potential(s) (EЈ 1/2 ) of the resulting pseudopolarographic wave(s) from the reduction of copper-organic complexes in the sample was calculated. This procedure allows an estimate of the thermodynamic stability constant for the complex using the relationship log K ϭ 5.68(Ϯ0.46) Ϫ 25.7(Ϯ0.93)EЈ 1/2 (1) determined by Croot et al. (1999) .
Results
In CSV, the peak current i p is related to the concentration of Cu(bzac) 2 in solution by the equation
where S is the sensitivity. S is determined in UV-oxidized samples by standard additions of Cu. However, in natural samples, S must be determined from slope of the titration plot where all complexing ligands are saturated. The resultant value of S may be lower than that observed in UVoxidized seawater, particularly at longer deposition times, Figure  1 shows i p vs. Cu T for the growth media and filtrates of two Amphidinium cultures. Titration points from the cultures fall well below the UV-oxidized seawater data, reflecting competition for much of the Cu by natural ligands that out-compete SA. However as the natural ligands become saturated, the plots become linear with a slope ϳ80% of the UV-oxidized water value.
Data such as those in Fig. 1 yield the fraction of Cu complexed by SA or bzac at different Cu concentrations which is related to the conditional stability constants and concentrations of all ligands in the sample by the relationship
where KЈ i is the conditional stability constant, L i the concentration of the ith natural ligand; KЈ i L i the side-reaction coefficient for the naturally occurring ligands, and ␤ 2 [bzac] 2 the side-reaction coefficient for bzac complexes, which was determined against model ligands (EDTA, diethylenetriaminepentacetic acid (DTPA)). The side-reaction coefficient for all naturally occurring ligands (including inorganic ligands) is related to free cupric ion concentration by the relationship
Data in this study were analyzed with a single ligand model that was a nonlinear fit to a Langmuir adsorption isotherm. This model has been described previously by Gerringa et al. (1995a) . Those workers made a convincing case from a statistical perspective for selecting a nonlinear fit over linearization plots, such as van den Berg/Ruzic or Scatchard plots. The single ligand model is derived from
Rearranging Eqs. 4, 5 yields a reciprocal Langmuir isotherm: f ] as the dependent variable. In reality, because weaker ligands are present in the media (such as carbonate; and weak, naturally occurring ligands), a more correct form of the equation would be f ] for two copper-stressed A. carterae cultures. The solid line shows the nonlinear least-squares regression fit to the data using Eq. 7. In all cases the single ligand model provides a good fit to the data, suggesting that a single ligand or binding site probably predominates over this titration range. Estimates of the conditional stability constant for the various phytoplankton species ranged from 10 10.6 M Ϫ1 for Thalassiosira weissflogii to 10 12.0 M Ϫ1 for A. carterae (Table 3 ). All were lower than the constants estimated for Synechococcus in this study (Table 3 ) and in previous work (Moffett et al. 1990; Moffett and Brand 1996) . Two species, Phaeodactylum and Dunaliella, did not reveal any chelators by either CSV or pseudopolarography. However, Phaeodactylum produced massive quantities of surfactants in agreement with previous work (Vojvodic and Cosovic 1996) and the Cu-bzac peak was not detectable in any of the Cu addition samples. Nevertheless, CuSA titrations with a similar side reaction coefficient showed no indication of any additional organic-copper ligands. We have no explanation for this effect, since surfactants generally have a similar influence on SA and bzac sensitivity. However, there were indications that the composition of Phaeodactylum cultures was somewhat atypical (see below).
The relationship between chelator production and Cu concentration was studied for three species, T. weissflogii, A. carterae, and S. costatum. In each case, ligand concentration increased with added copper. For A. carterae, the increase was closely coupled to copper concentration (Fig. 3) , similar to the 1:1 relationship between ligand and Cu concentrations observed in Synechococcus cultures (Moffett and Brand 1996) . For Skeletonema, the increase was less closely coupled to copper. For Thalassiosira and Skeletonema, there were high ligand concentrations in the media containing no added copper, suggesting that the ligand was not produced in response to Cu stress.
CSV scans of several copper-stressed cultures also revealed peaks other than Cu-bzac or Cu-SA. Typically these peaks occurred at around Ϫ0.54 V and may be indicative of thiol type compounds in the seawater (Luther III et al. 1985; Le Gall and van den Berg 1993; Ciglenecki and Cosovic 1996) . For the CSV scans of the dinoflagellate Prorocentrum micans, a further peak was often detected at Ϫ0.35 V that interfered with the Cu-bzac and Cu-SA peaks, complicating analysis of the Cu-labile fraction in the sample. Phaeodactylum tricornutum also showed a strong peak in the CSV scans at Ϫ0.45 V and the height of this peak was reduced with increasing concentrations of Cu-SA. The ''thiol''-like peaks were absent in CSV scans of the culture media, indicating they were produced by the phytoplankton. Although many thiols, such as glutathione, are strong Cu chelators, we did no further experiments to determine if the chelators determined by CSV were thiols. The range of conditional stability constants determined by CSV varies by only 2 log units for all eucaryotic clones. However, pseudopolarograms of copper complexes in each culture reveal a wide range of half-wave potentials (Figs. 4, 5) and thermodynamic stability constants (Table 4 ), suggesting that different complexes are produced by each organism. Furthermore, the pseudopolarogram for the Cu stressed Amphidinium culture reveals three distinct polarographic waves (Croot et al. 1999) , indicating three distinct binding sites with substantially different thermodynamic stability constants ranging from 10 23.7 to 10 39.1 M Ϫ1 . The conditional stability constants for Amphidinium and Skeletonema are almost identical, but the thermodynamic stability constant for the Skeletonema clone is 10 22.6 M Ϫ1 , weaker than any chelators produced by Amphidinium.
We were unable to detect any copper complexing ligands produced by P. micans with CSV at the detection windows Table 4 . Estimated thermodynamic constants for copper stressed phytoplankton cultures. The EЈ 1/2 values were calculated from pseudopolarograms and converted to thermodynamic stability constants using Eq. 1. The errors are based on a 95% confidence interval. we used. However, pseudopolarograms revealed a moderately strong ligand in copper-stressed cultures (Table 4) . The ligand concentration did not increase in proportion to the copper concentration in the cultures, suggesting that P. micans does not produce a chelator as a tolerance mechanism to Cu stress (data not shown).
Discussion
There is no systematic relationship between thermodynamic and conditional stability constants (Fig. 4) . That is because the relationship between these two parameters is governed by side reactions with H ϩ , Ca 2ϩ , and Mg 2ϩ , which differ greatly among different functional groups. That such differences exist among the cultures studied here is further evidence that a variety of different types of ligands are produced in these cultures.
The thermodynamic stability constants calculated here are large, particularly for Synechococcus and Amphidinium. However, the complexes could be Cu(I) complexes, in which case the log K values are exactly half the values calculated in Table 4 . This is because Eq. 1 is derived from the Lingane equation (Croot et al. 1999) .
For Cu(I) complexes, n ϭ 1 and for Cu(II) complexes n ϭ 2.
Log K values of 19-20 for Cu(I) complexes with S or N donor ligands are not unreasonable. The presence of electroactive thiols in some media also suggest that Cu(I) complexes are possible. Second, the ligands themselves may be redox reactive, as Croot et al. (1999) reported for pthalocyanine and 1,10-phenanthroline.
Previous studies have suggested that ligand production by algae is associated with metal detoxification, either by lowering metal ion availability in solution (Moffett and Brand 1996) , or as a component of an efflux mechanism whereby the metal is exported as a complex (Lee et al. 1996) . For each mechanism, ligand concentrations are expected to increase with increasing copper, as we observed in this study. If media conditioning is the detoxification mechanism, then it is important to show that the ligand lowers the free Cu level from a concentration that is toxic to the organism, to a concentration that is not. Figure 5 shows growth rates of Synechococcus as a function of free Cu concentration (from Brand et al. 1986) . Superimposed is the shift in free Cu associated with ligand production (from Moffett and Brand 1996) . Synechococcus is very Cu sensitive, and production of the ligand clearly benefits this organism by lowering free Cu to nontoxic values. Data are also shown for Skeletonema (Figure 5 ), an organism that is much more Cu tolerant. In this instance, the organism derives little benefit from chelator production. Perhaps this explains why ligand production by Skeletonema is only loosely coupled to dissolved Cu, and the ligand is significantly weaker than for Synechococcus. Morel et al. (1978) also reported that S. costatum does not release organic ligands in response to Cu stress.
A similar argument may also apply to Amphidinium, which shows significant toxic effects (growth rates decreased to half-maximal rates) at free Cu levels from 10 10.1 to 10 10.3 (Braek et al. 1976; Hawkins and Griffiths 1982) , placing it between Skeletonema and Synechococcus.
In general, the organisms producing the strongest chelators are the most Cu sensitive species. The trend is particularly clear when examining the thermodynamic stability constants. Compounds with large thermodynamic stability constants have slow dissociation rate constants, which is probably an important advantage in detoxification mechanisms.
Copper detoxification through an efflux mechanism could also result in an accumulation of extracellular chelators. For example, Lee et al. (1996) showed that Cd is probably exported from Thalassiosira weissflogii as a phytochelatin complex. For such a mechanism, it is less relevant that the ligand dominate speciation in the media, as long as it binds the metal during transport across the cell membrane. Slow dissociation constants would still be important, so our halfwave potential data are also consistent with this type of mechanism.
For Skeletonema, it seems likely that these compounds are not produced for the purpose of binding Cu. Other workers have studied the production of exudates by Skeletonema in cultures and in blooms, which have substantial polysaccharide and lipid content, as well as surfactant properties (Ignatiades 1973; Ignatiades and Fogg 1973; Zutic et al. 1981; Eberlein et al. 1983) . Production was often highest under conditions of stress, or late exponential phase growth. Stolzberg and Rosin (1977) reported a Cu complexing capacity of 3-4 ϫ 10 Ϫ7 M associated with surfactant material from non-Cu stressed S. costatum cultures. Fisher and Fabris 1982 showed that metabolites excreted by nonmetal stressed S. costatum cultures during log-phase growth were able to complex 2-4 ϫ 10 Ϫ7 M of Cu. Ligand concentrations were approximately 10-fold higher than we report, suggesting that those workers were measuring a more abundant, weaker ligand class. Unfortunately, they did not report binding constants for comparison with our work.
Production of Cu chelators by other diatoms in response to Cu stress has been reported. Gerringa et al. (1995b) , found that some cells of Ditylum brightwelli produced a ligand (log KЈ ϭ 9.7-10.1) when under Cu stress.
Dunaliella and Phaeodactylum, which did not produce any chelators at all, are the most copper-tolerant organisms we studied. For Phaeodactylum, the growth rate is diminished only at 10 Ϫ9 M free Cu 2ϩ (Braek et al. 1976; Gavis et al. 1981; Hawkins and Griffiths 1982) . Dunaliella is even more tolerant of copper, with growth rates unaffected until free Cu 2ϩ ϭ 10 Ϫ7 M (Hawkins and Griffiths 1982) . Our results for Phaeodactylum and Dunaliella are at odds with previous investigations, which have shown chelator production. Zhou and Wangersky (1985, 1989a,b) examined the production of copper-complexing ligands by P. tricornutum while growing in continuous culture. They determined the copper-complexing ligands by spiking filtered samples with Cu 2ϩ and then trapping the ligands on C18 Sep-Pak columns, eluting with methanol-water and then later measuring the Cu concentration in the eluate. They found that the concentration of organic Cu ligands measured by this technique increased with increasing growth rate of the diatom and during active photosynthesis during the day, there was also a decrease in ligand production when grown under N-limiting conditions. Their results did not provide information about the conditional stability constant of the complexes, so direct comparison with the present study is not strictly valid.
A previous study using anodic stripping voltammetry (ASV) (Gonzalez-Davila et al. 1995 ) did find production of weak Cu complexing ligands (KЈ ϭ 10 9.3 M Ϫ1 ) by Dunaliella. The discrepancy between our findings, that study and the Zhou and Wangersky studies on Phaeodactylum, probably reflect a difference in methods. Chelators with conditional stability constants of 10 9 or less are probably outside the detection window of our methodologies.
Eucaryotic phytoplankton have alternative methods of detoxification which do not involve the production of extracellular chelators. In particular, intracellular sequestration of metals is an important strategy. Phytochelatin production appears to be an important storage/detoxification mechanism for many metals, including Cu (Ahner et al. 1995 (Ahner et al. , 1997 Ahner and Morel 1995) . Lage et al. (1994) found that the growth rate of A. carterae when placed under copper stress is initially lowered but soon recovers to near optimal rates after a few days. They suggested that this was due to the cell's ability to internalize the Cu, perhaps via a phytochelatin-like low molecular weight polypeptide. Lage et al. (1996) determined that P. micans responded to increased Cu levels by two tolerance mechanisms: by using a short-term copper efflux system and by sequestering Cu in polymeric substances within the cell (such as thecal plates and starch grains). Leakage of these materials, either stress-related or as an artifact of filtration, cannot be ruled out. The gentle filtration methods used here are unlikely to have lysed cells significantly, but leakage resulting from stress is impossible to distinguish from active effluxing under our experimental conditions.
Results suggest that eucaryotic phytoplankton are unlikely to be sources of class 1 ligands in seawater. In coastal waters, particularly contaminated regimes where class 2 ligands control speciation, eucaryotic phytoplankton may exert an important influence on speciation, particularly during blooms.
The major biological source of chelators not considered either here or in previous studies are heterotrophic bacteria. There is evidence that marine heterotrophs such as Vibrio alginolyticus produce extracellular chelators (Gordon et al. 1993) . Furthermore, Skrabal et al. (1997) report a large benthic source of chelators in Chesapeake Bay that may be derived from heterotrophic bacteria, but are unlikely to come from algae. However, voltammetric measurements are difficult in the organic-rich culture media used to grow heterotrophic bacteria. Moreover, it is difficult to generalize findings from cultures of specific bacteria to the water column because quantitative information about the composition of heterotrophic communities is largely unavailable.
